Abstract: Cerebral blood flow (CBF) is tightly regulated to meet metabolic demands, and it increases during hemodilution as arterial oxygen content (CaO 2 ) falls. Oxygent® is a perfluorocarbon (PFC) emulsion that has a high capacity to dissolve oxygen and can thus increase CaO 2 in patients breathing supplemental oxygen. PFCs have shown excellent oxygen therapeutic value in both phase II and phase III clinical trials. However, the effects of Oxygent® on CBF in hemodilution are unknown. We performed this study to investigate how Oxygent® alters CBF in rats undergoing stepwise isovolumetric hemodilution under isoflurane anesthesia with 100% oxygen ventilation. In vivo Laser Doppler Flow (LDF) probes measured CBF as blood was gradually replaced with equal volumes of either 5%Albumin (controls) or (1:1) PFC and Albumin. Hematocrit and blood gases were measured and CaO 2 calculated after each dilution. Target values were to achieve a hematocrit value of 10% and fluorocrit between 7.5-10%. We compared CBF in the Oxygent® vs. control group at decreasing levels of hematocrit and CaO 2 with repeated t-tests. At hematocrits less than 15%, CBF rate approached baseline in the Oxygent® group, and was lower than the control group (p = 0.004). At maximal hemodilution, Oxygent® treated rats also showed higher PaO 2 (p < 0.001) and required lower phenylephrine infusion rates to maintain blood pressure (p = 0.002). These data support that administration of Oxygent® improves tissue oxygenation during hemodilution.
INTRODUCTION
Oxygent® is an emulsion of perfluorocarbon (PFC) particles that has the ability to dissolve large amounts of oxygen at high levels of inspired oxygen (50 to 100%). Because of the small diameter of its particles and the dissolved state of associated oxygen, it efficiently carries it to tissues perfused at critically low flow rates. Several applications for PFCs are currently being studied as Phase II and III clinical trials, with over 800 humans treated to date (Spahn Vox Sang 2002) [1] .
Generally, treatment with PFCs has been well tolerated, however, one Phase III clinical trial of patients undergoing cardiopulmonary bypass (CPB) was voluntarily suspended because patients in the PFC group had an increased incidence of strokes compared to the control group, who had a lower than normal incidence (Hill Can J Anaesth 2002) [2] . The specific methods of that study involved profound hemodilution in the PFC group, and after review of the data the strokes were thought to be the result of inappropriate study protocol (Riess Artif Cells Blood Substit and Immobil Biotechnol 2006) [3] . Two smaller studies have since compared the effects of PFC (Perflubron®, Alliance Pharmaceutical Corp, San Diego, CA) versus placebo in acute hemodilution and CPB. PFC decreased the need for allogenic blood transfusion in one study (Hill J Cardiothorac Vasc Anesth 2002) [4] , while it increased cerebral blood flow (CBF) in the second study when administered in both low and high doses (Hill Ann Thorac Surg 2005) [5] .
CBF is actively regulated to maintain sufficient tissue oxygen tension, and it increases when metabolic demand increases or when arterial oxygen content (CaO 2 ) decreases *Address correspondence to these authors at the Department of Anesthesiology and Critical Care Medicine, University of South Florida College of Medicine, Tampa, FL., USA; E-mail: ecampore@health.usf.edu (Rosenblum Circ Res 197) [6] (Todd. Am J Physiol 1994) [7] (Muizelaar Am J Physiol Heart Circ Physiol 1992) [8] (Rebel Am J Physiol Heart Circ Physiol 2003) [9] . The finding of increased CBF with Perflubron® is concerning since it indicates a need to increase cerebral oxygen delivery. Yet, the effects of Oxygent® on CBF in hemodilution are unknown.
MATERIAL AND METHODS
Fourteen male Sprague-Dawley rats (Taconic farm, Germantown, NY), weighting 300 -400 grams, were used in the study. The rats were housed at the U the University of South Florida, College of Medicine vivarium. The rats were kept in a 12 h light-dark cycle and had unrestricted access to standard rat chow and tap water prior to surgery. On the day of the experiment, rats were randomly assigned to either the PFC-albumin or albumin alone group.
The rats where anesthetized by intramuscular injection of 1 ml/kg of a mixture of 100 mg/ml Ketamine and 10 mg/ml Xylazine (Lidocaine). The rats were then weighed and the neck, head and both groin regions shaved and disinfected using a 5% povidone-iodine solution (Betadine aerosol spray, Purdue Frederick Co., Stamford, CT). Rectal temperature was measured (Mon-a-therm 6500, Mallinckrodt Medical, St. Louis, MO) and maintained at 37 +/-0.5°C.
All rats where tracheotomized and intubated with a 14G IV catheter (Acuvance Plus, Ethicon Inc., Cincinnati, OH). Controlled ventilation with 100% oxygen at a frequency of 68/min and a tidal volume of 3 ml was initiated using a rodent ventilator (Harvard Apparatus, South Natick, MA), and Isoflurane (Minrad inc., Bethlehem, PA) at an inspiratory concentration of 1.2 % to maintain anesthesia. Both femoral arteries and veins where cannulated with polyethylene tubing (ID 0.58mm, Becton-Dickinson Co., Parsippany, NJ).
One artery was used to monitor pressure invasively, and the other to withdraw blood. One venous line was used to infuse phenylephrine, and the other line to replace collected blood volume either by Albumin 5% (Baxter Healthcare Co., Glendale, CA) or Albumin 5% and PFC solution (Oxygent (60% (w/v) F-t-butylcyclohexane perfluorocarbon emulsion (Alliance Pharmaceuticals, Inc.). The PFC emulsion used is slightly phosphate buffered and made isotonic with glycerol. The density of the fluorocarbon particles is 1.97. Arterial pressure was recorded and 1 ml of blood was collected to determine blood gasses and measure hematocrits. The ventilatory parameters where adjusted according to the results of the blood gas analysis to maintain a PaCO 2 between 35 and 40 mmHg.
After skin closure, each rat was turned to prone position and its head fixed in a stereotactic frame (David Kopf Instruments, Tujunga, CA). A midline skin incision was made to expose the skull. A small burr hole was drilled 3 mm right of bregma, and a 26 G single fibre LDF probe (DP4, Moor Instruments Inc, Wilmington, DE) connected to a monitor (Moorlab server, Moor Instruments Inc.) was inserted with the tip in the striatum at a depth between 4 and 5 mm, to a point where a good pulsatile flow-signal was detectable. The rat was then allowed to stabilize for 20 minutes. CBF measurement was continued until the end of the experiment. The data was stored and retrieved with standard software in a Notebook PC. The instrument uses absolute flow units to determine blood flow by a Laser Doppler method. The device was calibrated using a standard calibration solution provided by the manufacturer. Once monitoring was established, acute normovolemic hemodilution was performed by removing 4 ml of blood at a rate of 0.5 -1 ml/min and then replacing t with the same amount of 5% albumin or 2 ml albumin 5% and 2 ml of PFC-solution. After the first hemodilution step, hematocrit was determined again and blood gases were analyzed.
The volumes to be replaced in the next steps of hemodilution were then calculated for each rat to sequentially decrease hematocrit to 25%, 20%, 15% and 12%. Hemodilution proceeded stepwise every 20 minutes with measurement of PaO 2 , hematocrit and fluorocrit after each step. Fluorocrit was measured manually by determining the percentage of whole blood it comprised after centrifuging blood in vials to separate red cells, fluorocarbon solution and serum. In the PFC group, a target concentration between 7-10% volume % PFC was calculated and volume substitution was performed using the desired amount of PFC in 5% albumin. Mean arterial blood pressure (MAP) was maintained between 60 and 90 mmHg by continuous infusion of phenylephrine (Gensia Sicor Inc. Irvine, CA) at a rate of up to 15 μg/h. The experiment was terminated when either hematocrit values of less than 5% were measured, or when hemodynamic instability developed that could not be treated by infusion of 15 mcg/h of phenylephrine or less.
Arterial Oxygen Content
Oxygent is a 60% w/v PFC with an oxygen dissolving capacity of 43 volume % (43 ml O 2 / 100 ml pure PFC) at 37°C and 760 mmHg oxygen. The arterial CaO 2 can thus be calculated using the following equation: We assumed that mean cell hemoglobin concentration (MCHC) was comparable in all subjects.
Statistical Analysis
Cerebral blood flow was found to stabilize quickly and remain stable during the second half of each 20 minute interval between dilutions. We calculated the mean LDF values after each hemodilution by averaging the values obtained in the 5 minutes preceding the next step of hemodilution. The data were analyzed by comparing CBF in both groups with Mann-Whitney rank sum tests or repeated t-tests for every hematocrit or CaO 2 step (Table 2, Table 3 , Fig. 1, Fig. 2) . The software used was MS Excel (Microsoft Co., Redmond, WA) and Sigma Stat 2.3 / SPSS 11.0 for Windows (SPSS Inc., Chicago, IL). p values of less than 0.05 were considered statistically significant in all tests. Table 1 shows the blood gas and hemodynamic values in both experimental and control groups after the maximal hemodilution achieved. PaO 2 values differed significantly between the two groups with a PaO 2 of 502.1 ± 10.46 in the PFC group versus 419.93 ± 15.92 in the albumin group (p < 0.001). There was no differences in MAP, PaCO 2 , pH or weight of the rats during the experiment, however, a greater rate of phenylephrine infusion was required to maintain 
RESULTS

Hemodynamics
LASER DOPPLER FLOW DYNAMICS
We grouped several LDF values and expressed them as percent of baseline blood flow, according to their respective hematocrit ranges. Mean CBF values for each hematocrit range were then compared between treatment groups and statistically analyzed ( Table 2 , Fig. 1 ).
In both groups, blood flow in the striatum initially increased almost linearly with lowering hematocrits and then decreased towards baseline at hematocrits of less than 10%. In the group receiving PFC, CBF approached baseline in states of severe hemodilution after rats reach severely hemodiluted states (hematocrit < 15%), whereas in the albumin group, the blood flow remained significantly higher across three dilution ranges ( Table 2 , Fig. 1).   Fig. (1) . Cerebral Laser Doppler Flow (LDF) at different hematocrit ranges for perfluorocarbon (PFC) and albumin groups. *p<0.05. Similar results were obtained when blood flow was compared at different CaO 2 levels (Table 3, Fig. 2 ). There is a highly significant negative linear correlation between CBF and CaO 2 in the albumin group (p < 0.001) and a nonsignificant negative linear correlation in the PFC group (p < 0.076). When CaO 2 was lowered to less than 10 ml O 2 /dl, CBF of controls was significantly higher than that of their PFC counterparts, whose CBF again approached baseline. Accordingly, even at low levels of CaO 2 (which includes oxygen associated with PFCs), subjects with PFC-dissolved oxygen did not experience the reflex to increase cerebrovascular blood flow.
DISCUSSION
We demonstrated that Oxygent® paired with 100% oxygen ventilation was capable of maintaining CBF similar to baseline values after isovolemic hemodilution to hematocrits below 15%. In contrast, controls had significantly higher CBF which peaked at approximately 225% of baseline values (Fig. 1, Table 2 ). The same relationship between CBF and CaO 2 in the PFC group was observed below CaO 2 of 10 ml O 2 / dl blood (Fig. 2, Table 3 ), compared to controls. At a minimal value of less than 7.5 ml O 2 /dl, the difference in CBF between groups was approximately 100%.
Because a coupling mechanism between CBF and tissue hypoxia has been shown to increase CBF in order to meet oxygen demand (Sokoloff Fed Proc 1981) [10] , our findings suggest enhanced tissue oxygen delivery in rats whose hematocrit was supplemented by Oxygent®. Furthermore, the finding that CBF was significantly different between groups at the same CaO 2 levels in agreement with prior findings that oxygen associated with PFCs is unloaded and metabolized more efficiently (>90%) than that bound to hemoglobin in red blood cells ( 25%) (Keipert. Adv Exp Med Biol 1994) [11] . This is likely due to their small size of PFC (<.19 micron diameter) compared to erythrocytes (6-8 micron diameter) and the fact that associated oxygen is dissolved and not bound. Our findings support the growing body of evidence that PFCs such as Oxygent® may be neuroprotective in special circumstances, ranging from acute hemorrhage to permanent MCA occlusion in animal experimentations (Waschke Anesth Analg 1994) [12] We also examined the effects of maximal hemodilution on hemodynamic and blood gas variables with and without treatment with Oxygent®. The results, displayed in Table 1 , revealed no difference in PaCO 2 , pH, MAP, and weight of the rats between groups. The amount of phenylephrine infused to maintain the MAP between 60 and 90 mmHg was significantly greater at the highest hemodilution in the albumin control group, indicating a less stable physiological system compared to the Oxygent® group. This may have been due to improved cardiac oxygen delivery in the PFC group, leading to improved left ventricular contractile function, as was demonstrated by Habler et al. in hemoglobins of < 3g/dL (Habler Res Exp Med 1998) [19] . The PaO 2 was significantly higher in the Oxygent® group, in accordance with previous literature that the presence of a PFC emulsion is capable of increasing partial pressures of oxygen and therefore improving oxygen unloading capabilities.
Many surgical as well as medical applications exist for oxygen therapeutics such as Oxygent®. Our findings are particularly pertinent to clinical applications that involve acute hemodilution, such as during cardiopulmonary bypass (CPB), and they help alleviate concern that PFCs may increase incidence of stroke. Our conclusion that oxygen delivery to the brain is preserved by using Oxygent® with 100% oxygen ventilation in rats with critically low hematocrit values might explain why PFC administration has been shown to decrease mortality in near-fatal hemorrhage (Stern Am J Emerg Med 1995) [15] . Furthermore, it may protect against neurological injury in CPB, even when air emboli are introduced intravascularly (Yoshitani Anesth Analg 2006) [17] (Cochran, Ann Thorac Surg 1997) [18] , and to decrease the need for allogenic blood transfusion when used in conjunction with acute normovolemic hemodilution in surgery patients (Hill J Cardiothorac Vasc Anesth 2002) [4] (Spahn Anesthesiology 2002 [20] . This study was limited in that it relied on calculated CaO 2 based on hematocrit, SaO 2 , PaO 2 , fluorocrit, and the specific properties of Oxygent® (oxygen dissolving capacity of 43 volume % (43 ml O 2 / 100 ml pure PFC) at 37°C and 760 mmHg oxygen).
Nonetheless, herein we report a significant effect. Also, we did not measure intracortical tissue oxygen tension. However, since cerebral oxygen balance and CBF have been shown to be strongly correlated (Sokoloff Fed Proc 1981) [10] , CBF can be reliably used as surrogate marker for adequacy of tissue oxygen delivery. Another factor affecting flow rates is viscosity, and the relatively higher viscosity of PFC emulsion compared to albumin likely may have affected the observed differences in the two groups. 
